1. Introduction {#sec1}
===============

Diabetes mellitus is a metabolic disorder with semeiotic symptoms such as polyuria, polyphagia, and polydipsia along with low-grade inflammation [@bib1], [@bib2]. Neuropathic pain, one of the devastating complications of diabetes mellitus, is a neurological illness exhibiting hyperalgesia and allodynia. Since pathophysiological mechanisms of neuropathic pain are complex and multifactorial, current treatments are far from remission and often worsen a glucose homeostasis.

Inflammatory responses play a pivotal role in the development of neuropathic pain [@bib3], [@bib4]. Ginseng extract and total saponin have anti-inflammatory effects in lipopolysaccharide- and/or β-amyloid-stimulated microglial cells [@bib5]. It is also reported that ginsenoside Rb1 attenuates acute inflammatory pain by inhibiting neuronal extracellular signal-regulated kinase (ERK) phosphorylation via regulation of the Nrf2 and nuclear factor (NF)-κB pathways [@bib6]. However, the effect of ginseng extracts on diabetic neuropathic pain has not yet been examined.

Here, we examined whether GS-KG9, an air-dried and ethanol extracted white ginseng, had an analgesic effect on STZ-induced neuropathic pain. We also investigated the mitigated effect of GS-KG9 on microglial activation in L4--L5 dorsal horn and ventral posterolateral (VPL) nucleus of the thalamus as an underlying mechanism. Additionally, the expression of c-Fos in dorsal horn of L4--L5 spinal cord was examined and compared to that in STZ controls.

2. Materials and methods {#sec2}
========================

2.1. GS-KG9 preparation and HPLC analysis {#sec2.1}
-----------------------------------------

Korean ginseng (*Panax ginseng* Meyer, 4 yr old) was purchased from the local market in Geumsan, Korea. A mixture of white ginseng and white ginseng tail (6:4, w/w) dried at 55°C for 5 d in an air dryer was extracted with 70% ethanol three times at 40°C. The white ginseng extract was filtered and concentrated *in vacuo*, and named as GS-KG9. Ten milligrams of GS-KG9 was dissolved in 1 mL methanol and filtered through a 0.45-μm-membrane filter after extraction with ultrasonic waves for 30 min, and analyzed by HPLC. The HPLC system used was Waters 1525 (Waters Corporation, Milford, MA, USA) with a photodiode array detector. A Waters Xbridge C18 column (250mm × 4.6mm, 5μm) was used for analysis of ginsenosides. The detection wavelength, flow rate, injection volume, and column oven temperature were set at 203 nm, 1.0 mL/min, 20 μL, and 40°C, respectively. The mobile phase consisted of purified water with 0.03% trifluoroacetic acid (A) and acetonitrile (B) using the following gradient program: 0 min 18% B, 42 min 24% B, 46 min 29% B, 79 min 40% B, 115 min 65% B, 135 min 85% B, and 160 min 18% B.

2.2. Animals and drug administration {#sec2.2}
------------------------------------

Male Sprague--Dawley rats (6 wk old, 190--210 g; Samtako, Osan-Shi, Korea) were raised in an animal room with uniform humidity (60 ± 10%) and temperature (23 ± 1°C) under a 12-h light/dark cycle with free access to water and food. Hyperglycemia was induced by intraperitoneal injection of STZ (60 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) and control animals received the same volume of saline. Four days after STZ injection, hyperglycemia and hypoinsulinemia were confirmed by using an Accu-Chek Compact Plus glucose meter (Roche Diagnostics, Meylan, France) and a rat insulin ELISA kit (Millipore, Billerica, MA, USA), respectively. Blood glucose levels were increased to 366.2 ± 23.1 mg/dL from 118.4 ± 3.8 mg/dL, and serum insulin levels were reduced to 0.9 ± 0.3 ng/mL from 3.6 ± 0.4 ng/mL after STZ injection, suggesting that the chemically induced diabetic model was successfully developed. Animals showing blood glucose level \> 250 mg/dL were selected and randomly divided into five groups including normal, STZ control, and three treatment groups. GS-KG9 (50 mg/kg, 150 mg/kg, or 300 mg/kg) was dissolved in saline and administered orally twice daily for 4 wk. All experiments were done according to the protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Kyung Hee University, Seoul, Korea (permission number: KHUASP(SE)-16-069).

2.3. Physiological markers of diabetes {#sec2.3}
--------------------------------------

Fasting blood glucose concentration (mg/dL) was measured in the tail vein once weekly using an Accu-Chek Compact Plus glucose meter (Roche Diagnostics) and serum insulin level was determined at Day 4 after STZ injection using a rat insulin ELISA kit. Body weight and drinking water (mL/d) and food (g/d) consumption were determined every day during the 4-wk experimental period.

2.4. Behavioral tests for pain {#sec2.4}
------------------------------

### 2.4.1. Mechanical pain {#sec2.4.1}

Mechanical pain was examined by the paw withdrawal threshold (PWT) in reaction to probing with a series of calibrated von Frey filaments (3.92--147.0 mN equivalent to 0.4--15.0 g; Stoelting, Wood Dale, IL, USA). The 50% withdrawal threshold was determined by using an up--down method [@bib7]. Animals were placed under transparent plastic boxes (28 cm × 10 cm × 10 cm) on a metal mesh floor, and left alone for 20 min before the sensory test began. Stimuli were applied for 3--4 s to each hind paw while the filament was bent and presented at intervals of several seconds. A swift hind paw withdrawal to von Frey filament application was regarded as a positive response.

### 2.4.2. Thermal pain {#sec2.4.2}

Heat sensitivity was assessed according to the method developed by Hargreaves et al. [@bib8] to determine the paw withdrawal latency (PWL) in reaction to radiant heat (Model 390; IITC Life Science Inc., Woodland Hills, CA, USA). Animals were acclimated to the apparatus equipped with six Perspex boxes on an elevated glass table. A heat source under the glass table was applied to the center of the plantar surface. The heat intensity was set to produce PWL of about 10 s, and cut-off time was set at 20 s to prevent tissue damage. Three times of heat stimuli were given for each paw at an interval of 5--10 min, and the mean PWL was taken.

2.5. Tissue preparation and immunohistochemistry {#sec2.5}
------------------------------------------------

At 4 wk after GS-KG9 administration, animals were anesthetized with 500 mg/kg chloral hydrate and perfused with 0.1M phosphate-buffered saline (pH 7.4) and then with 4% paraformaldehyde. Brain and spinal cord L4--L5 segments were removed, postfixed by immersion in the same fixative for 5 h, and placed in 30% sucrose. The tissues were embedded in optimal cutting temperature compound for cryosectioning, as previously described [@bib9], and transverse sections were cut at 20μm or 30μm using a cryostat (CM1850; Leica, Wetzlar, Germany). For the molecular study, animals were perfused with 0.1M phosphate-buffered saline and spinal cord segments (L4--L5) were removed and frozen at −80°C until use. Tissue sections were embedded in 3% hydrogen peroxide for 10 min at room temperature to suppress endogenous peroxidase activity. After washing with Tris-buffered saline with 0.1% Triton X-100 (TBS-T), the sections were immersed in 5% normal serum (Vector Laboratories Inc., Burlingame, CA, USA) in TBS-T for 1 h at room temperature to prevent nonspecific binding, and then incubated with a rabbit anti-c-Fos (1:100; Millipore) and OX-42 (1:200; Millipore) overnight at 4°C. Some sections stained for c-Fos were double-labeled using neuronal cell marker, NeuN (1:100; Millipore). For double labeling, fluorescein-isothiocyanate- or Cy3-conjugated secondary antibodies (Jackson Immuno Research, West Grove, PA, USA) were used. Nuclei were also labeled with 4′,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR, USA). For control experiments, reaction to the substrate was absent whenever a primary antibody was omitted or replaced by a nonimmune, control antibody. Immunofluorescent sections were mounted with Vectashield mounting medium (Vector Laboratories). Fluorescence-labeled signals were detected by a fluorescence microscope (BX51; Olympus, Tokyo, Japan), and image capture and measurement of signal colocalization was performed with MetaMorph software (Molecular Devices, Sunnyvale, CA, USA).

2.6. Quantitative analysis {#sec2.6}
--------------------------

Immunohistochemistry images were captured using a microscope along with the Cool SNAP camera (Roper Scientific, Sarasota, FL, USA). A person who did not know the treatment history of the animals performed quantitative analysis blindly. To determine the microglia activation in L4--L5 spinal cord, the percentage of field analysis was used to provide a quantitative estimate of changes in the activation status of microglia. Resting and activating microglia were classified and counted based on a previous report [@bib10]. Using immunostaining with OX-42, resting microglia were displayed as small compact somata bearing long, thin, and ramified processes. By contrast, activating microglia exhibited marked cellular hypertrophy and retraction of processes, such that the process length was less than the diameter of the soma compartment. Cells were collected when the nucleus was visible within the plane of section and cells exhibited distinctly delineated borders. OX-42-positive cells were counted for a predefined area of superficial layer of spinal cord (lamina I and II). For quantification of c-Fos-positive cells in L4--L5 spinal cord dorsal horn, three transverse sections of L4--L5 segment in each animal were collected and c-Fos-positive cells in the superficial layer (lamina I and II) were manually counted from each field and averaged. For quantitative analysis of microglia activation in the VPL nucleus of the thalamus, OX-42 intensity in three transverse sections of each animal was analyzed using Metamorph software (Molecular Devices, Sunnyvale, CA, USA).

2.7. Statistical analysis {#sec2.7}
-------------------------

All data are presented as mean ± standard deviation. Comparisons between STZ control and GS-KG9-treated groups were made by unpaired Student *t* test. Multiple comparisons between groups were performed by one-way analysis of variance. Tukey\'s multiple comparison was used for *post hoc* analysis. Statistical significance was indicated by *p* \< 0.05. SPSS version 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses.

3. Results {#sec3}
==========

3.1. HPLC profile of GS-KG9 {#sec3.1}
---------------------------

Dried GS-KG9 had 116.3 mg/g crude saponin extract and ginsenosides such as Rg1, Re, Rf, Rb1, malonyl-Rb1, Rc, malonyl-Rc, Rb2, malonyl-Rb2, Rb3, Rd, and malonyl-Rd ([Fig. 1](#fig1){ref-type="fig"}). Malonyl Rb1, Rb2, Rc, and Rd representing Peaks 5, 7, 10, and 12 were sharply separated and even higher than those of corresponding well-known ginsenosides (Peaks 4, 6, 8, and 11).Fig. 1HPLC profile of GS-KG9, which is an air-dried and ethanol extracted white ginseng. Number above each peak indicates as follows: 1, Rg1; 2, Re; 3, Rf; 4, Rb1; 5, m-Rb1; 6, Rc; 7, m-Rc; 8, Rb2; 9, Rb3; 10, m-Rb2; 11, Rd; and 12, m-Rd.Fig. 1

3.2. STZ-induced hyperglycemia is suppressed by GS-KG9 {#sec3.2}
------------------------------------------------------

Blood glucose levels were significantly increased in STZ-treated rats at 7 d, 14 d, 21 d, and 28 d when compared to those in normal rats ([Fig. 2](#fig2){ref-type="fig"}A). Parallel to hyperglycemia, STZ caused marked weight loss ([Fig. 2](#fig2){ref-type="fig"}B), polyphagia ([Fig. 2](#fig2){ref-type="fig"}C), and polydipsia ([Fig. 2](#fig2){ref-type="fig"}D). GS-KG9, however, markedly decreased blood glucose level in STZ-treated rats compared to the vehicle-treated group over the experimental period in a dose-dependent manner ([Fig. 2](#fig2){ref-type="fig"}A and E). The body weight of the GS-KG9-treated group was higher than that of the STZ control group, although there was no significant significance ([Fig. 2](#fig2){ref-type="fig"}B). However, there were no significant differences in food and water consumption between the GS-KG9-treated and STZ control groups ([Fig. 2](#fig2){ref-type="fig"}C and D).Fig. 2Effects of GS-KG9 on blood glucose level, body weight, and drinking water and food consumptions in STZ-induced hyperglycemic rats. Hyperglycemia was induced in male Sprague--Dawley rats by injecting STZ (60 mg/kg, intraperitoneally). At Day 5 after STZ injection, rats were randomly divided into vehicle- and GS-KG9-treated groups. GS-KG9 (300 mg/kg) was administered orally twice daily for 4 wk. During 4 wk after drug administration, blood glucose level (A), body weight (B), food consumption (C), and drinking water consumption (D) were measured. Effects of three different doses of GS-KG9 on blood glucose level are presented in E. Data are expressed as the mean ± standard deviation (*n* = 10 rats/group). *\*p* \< 0.05 versus STZ control. STZ, streptozotocin.Fig. 2

3.3. GS-KG9 inhibits STZ-induced mechanical and thermal pain {#sec3.3}
------------------------------------------------------------

To determine the analgesic effect of GS-KG9 in the STZ-induced hyperglycemic model, we first examined whether chronic neuropathic pain was developed by STZ. PWT and PWL to mechanical and thermal stimuli, respectively, were reduced significantly after STZ treatment in a time-dependent manner ([Fig. 3](#fig3){ref-type="fig"}A and C). At Day 35 after STZ injection, hyperglycemic rats displayed mechanical and thermal pain (STZ group: PWT; 2.7 ± 0.9 g, PWL; 6.2 ± 0.8 s, vs. Normal group: PWT; 15.0 ± 0.0 g, PWL; 12.9 ± 0.7 s; [Fig. 3](#fig3){ref-type="fig"}A and C). Next, we investigated the analgesic effects of GS-KG9 on STZ-induced neuropathic pain at Day 28 after GS-KG9 administration. GS-KG9 (150 mg/kg and 300 mg/kg) significantly alleviated STZ-induced mechanical pain (PWT, STZ + 150 mg/kg GS-KG9: 10.2 ± 2.3 g, STZ + 300 mg/kg GS-KG9: 11.5 ± 1.8 g vs. STZ: 2.9 ± 1.6 g) and thermal pain (PWL, STZ + 150 mg/kg GS-KG9: 9.5 ± 0.9 s, STZ + 300 mg/kg GS-KG9: 10.1 ± 1.3 s vs. STZ: 5.6 ± 1.4 s) when compared to those in vehicle-treated group ([Fig. 3](#fig3){ref-type="fig"}B and D). However, a low dose (50 mg/kg) of GS-KG9 seems not to be enough for relieving pain. These results indicate that GS-KG9 has significant analgesic effects on STZ-induced mechanical and thermal pain.Fig. 3GS-KG9 inhibits STZ-induced neuropathic pain. (A,C) Pain responses to mechanical (PWT) and heat stimuli (PWL) after STZ injection. Rats with STZ-induced neuropathic pain were treated with GS-KG9 (50 mg/kg, 150 mg/kg, or 300 mg/kg) twice daily for 4 wk (*n* = 10 rats/group). At 28 d after GS-KG9 administration, GS-KG9 significantly increased mechanical PWT (B) and thermal PWL (D) in a dose-dependent manner compared to those in vehicle-treated rats. Data are expressed as the mean ± standard deviation. ^\#^*p* \< 0.05 versus Normal, \**p* \< 0.05 versus STZ control. PWL, pain withdrawal latency; PWT, pain withdrawal threshold; STZ, streptozotocin.Fig. 3

3.4. GS-KG9 inhibits microglial activation in L4--L5 spinal cord {#sec3.4}
----------------------------------------------------------------

Microglial activation in the spinal cord dorsal horn is evident in several models of neuropathic pain including diabetic neuropathy [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]. Under physiological conditions, microglia display a small soma bearing thin-branched processes. When activated, cell bodies become hypertrophic, thickened, and retracted ([Fig. 4](#fig4){ref-type="fig"}D). To examine the inhibitory effect of GS-KG9 on microglial activation in L4--L5 spinal cords, immunohistochemistry using an antibody against OX-42 was performed at 28 d after GS-KG9 administration. Microglia were counted in the lamina I--II layers of spinal cord dorsal horn, which are the sites of unmyelinated Aδ and C fibers responsible for nociceptive signal processing, and large myelinated Aβ fibers terminated ([Fig. 4](#fig4){ref-type="fig"}A--C, dotted box). Morphology of OX-42-positive cells in normal rats displayed a small soma bearing thin-branched or ramified processes, indicating a resting state ([Fig. 4](#fig4){ref-type="fig"}A). After STZ injection, OX-42-positive cells showed marked cell body hypertrophy and retraction of cytoplasmic processes ([Fig. 4](#fig4){ref-type="fig"}B). Quantitative analysis revealed a higher proportion of activated microglia (86.8 ± 7.3%) in the STZ-treated group than in the normal controls (7.9 ± 1.2%; [Fig. 4](#fig4){ref-type="fig"}D). In STZ-induced hyperglycemic rats, GS-KG9 significantly decreased the number of activated microglia when compared to those in the STZ control group (STZ + GS-KG9: 41.4 ± 5.8% vs. 86.8 ± 8.2%; [Fig. 4](#fig4){ref-type="fig"}C and D). These results indicate that microglia were activated in L4--L5 spinal dorsal horn of STZ-induced hyperglycemic rats, and GS-KG9 significantly attenuated microglia activation.Fig. 4GS-KG9 inhibits microglial activation in the lumbar (L4--L5) spinal cord. At 28 d after GS-KG9 (300 mg/kg) treatment, L4--L5 spinal tissues were prepared and immunostained with an OX-42 antibody. (A--C) Immunohistochemistry for OX-42 in the lumbar spinal cord. (A″--C″) High magnification of dotted boxes in the dorsal horn (A′--C′). Scale bar, 20μm. (D) Quantitative analyses show that GS-KG9 significantly reduced the proportion of activated microglia compared to the STZ control (*n* = 5 rats/group). Resting and activated microglia (D′) were classified and counted. Data are expressed as the mean ± standard deviation. STZ, streptozotocin.Fig. 4

3.5. GS-KG9 inhibits c-Fos expression in L4--L5 spinal cord {#sec3.5}
-----------------------------------------------------------

We determined the expression of c-Fos, a marker of neuronal activation in the lumbar spinal cord, at 28 d after GS-KG9 administration. c-Fos expression patterns in the spinal cord are known to be correlated with the type, intensity, and duration of nociceptive stimuli. Immunocytochemistry showed that the number of c-Fos immunoreactive cells was significantly increased in the superficial layer (lamina I, II) of L4--L5 spinal cord dorsal horn in STZ-induced hyperglycemic rats when compared to those in normal rats ([Fig. 5](#fig5){ref-type="fig"}A). However, the number of c-Fos-positive cells in GS-KG9-treated groups was reduced when compared to that in the STZ control group ([Fig. 5](#fig5){ref-type="fig"}A). Parallel to morphological observation, quantitative analysis revealed that GS-KG9 significantly decreased the number of c-Fos-positive cells in spinal cord dorsal horn by 43.5% compared to the STZ control group (STZ + GS-KG9: 47.5 ± 8.6 vs. STZ: 84.2 ± 8.9 cells; [Fig. 5](#fig5){ref-type="fig"}C). In addition, double labeling showed that most of the c-Fos-positive cells were colocalized with NeuN, suggesting that c-Fos was expressed mainly in neurons ([Fig. 5](#fig5){ref-type="fig"}B).Fig. 5GS-KG9 inhibits the expression of c-Fos in spinal cord dorsal horn in STZ-induced hyperglycemic rats. At 28 d after GS-KG9 (300 mg/kg) administration, lumbar (L4--L5) spinal tissues were prepared and immunostained with a c-Fos antibody. (A) Immunohistochemistry of c-Fos. Right panels are high magnification images (200×). Dotted line indicates c-Fos-positive cells in superficial layer (lamina I, II) of dorsal horn following STZ treatment. (B) Double labeling showed that c-Fos immunoreactivity was colocalized in NeuN-positive neurons (arrows). Scale bars, 30μm. (C) Quantitative analysis of c-Fos-positive cells in lamina I, II (*n* = 5 rats/group). Data are expressed as the mean ± standard deviation. \**p* \< 0.05 versus STZ control. STZ, streptozotocin.Fig. 5

3.6. GS-KG9 inhibits microglia activation in the VPL of the thalamus {#sec3.6}
--------------------------------------------------------------------

Besides the spinal cord, functional changes in pain mediating areas in the brain have been closely engaged in diabetic neuropathic pain. Among these areas, marked morphological changes in the thalamus, cortex, and rostroventromedial medulla have been documented in patients with diabetic neuropathic pain and experimental models [@bib17], [@bib18]. The VPL of the thalamus is a major receiving area of nociceptive stimuli through the spinal cord [@bib19]. Projection neurons reach the thalamus via the spinothalamic tract; a major ascending nociceptive pathway, and these neurons exhibit increased spontaneous activity, enlargement of the receptive field, and augmented responses to mechanical and thermal stimuli in diabetic rats. The hyperexcitability of spinothalamic tract neurons may account for hypersensitivity to external stimuli and spontaneous pain [@bib20], [@bib21]. Recent studies have shown that thalamic glial alterations occur in various pain models such as central, peripheral, and inflammatory pain [@bib12], [@bib22], [@bib23], [@bib24]. To determine the effect of GS-KG9 on microglial activation in the VPL, we performed immunostaining with an antibody against OX-42 using brain tissues prepared at 28 d after GS-KG9 administration. Resting microglia in normal rats displayed small, compact soma with long, thin, and ramified processes ([Fig. 6](#fig6){ref-type="fig"}). In addition, OX-42 immunoreactivity was increased and the activated microglia exhibited marked cellular hypertrophy and retraction of processes in STZ-induced hyperglycemic rats. However, STZ-induced microglial activation was significantly attenuated in the VPL of GS-KG9-treated rats. Densitometric analysis revealed that OX-42 immunoreactive intensity in GS-KG9-treated group (STZ + GS-KG9) was significantly lower than that in the vehicle control (STZ only; [Fig. 6](#fig6){ref-type="fig"}D). Thus, these data indicate that GS-KG9 inhibited microglia activation in the thalamic VPL nucleus in STZ-induced hyperglycemic rats.Fig. 6GS-KG9 inhibits microglial activation in the thalamic VPL. At 28 d after GS-KG9 (300 mg/kg) administration, brain tissues containing VPL region were prepared and immunostained with an OX-42 antibody. (A, B) Immunohistochemistry of OX-42 in the VPL region. (B, right panels) and (C) are high magnification images. Scale bars, 50μm. (D) Densitometric analysis reveals the relative intensity of OX-42 immunoreactivity in the VPL (*n* = 5 rats/group). Data are expressed as the mean ± standard deviation. \**p* \< 0.05 versus STZ control. STZ, streptozotocin; VPL, ventral posterolateral; VPM, ventral posteromedial.Fig. 6

4. Discussion {#sec4}
=============

*P. ginseng* is one of the most popular herbal medicines used worldwide as a health-promoting food. The major ingredients associated with its various pharmacological activities are the ginsenosides. In addition to protopanaxadiol compounds, four different malonyl ginsenosides (m-Rb1, m-Rb2, m-Rc, and m-Rd) were found in air-dried and ethanol extracted white ginseng, which is so-called GS-KG9. We had two reasons to examine whether GS-KG9 showed any suppressive activity on diabetic neuropathic pain. First, there are approximately 100 published papers about the antinociception of ginseng, but none has investigated the inhibitory effect of ginseng on diabetic neuropathic pain induced by STZ. Second, previous studies have focused on red ginseng, because structural changes in ginsenosides induced by steam process are thought to be concerned with the improved pharmacological activities of ginseng [@bib25], [@bib26]. Among various types of commercial ginseng products, including fresh ginseng, white ginseng, and red ginseng, there are few studies on ginseng extract containing malonyl ginsenosides; probably due to difficulty in analyzing by HPLC. We believe that consuming air-dried fresh ginseng-containing ginsenosides with malonyl moiety are a more natural way than heat- or steam-dried ginseng products.

Neuropathic pain is a functional disorder or pathological changes in a nerve and characterized by increased sensitivity to mechanical and thermal stimuli [@bib27]. Neuropathic pain is often present and difficult to treat in diabetes mellitus [@bib28], [@bib29]. Oxidative stress due to hyperglycemia is a primary contributor for the nerve malfunction depicted as symmetrical polyneuropathy [@bib30]. Here, we examined the effects of GS-KG9 on neuropathic pain induced by STZ in mechanical and thermal pain behavior, and also figured out whether GS-KG9 exhibits any inhibitory activities upon microglial activation within the spinothalamic tract ascending from the spinal cord dorsal horn to ventral posterolateral nucleus of the thalamus.

The mechanisms underlying the development and maintenance of diabetic neuropathic pain include multiple biochemical and anatomical alterations in the peripheral and central nervous systems. Hyperglycemia is a causative requisite for hypersensitive pain associated with diabetes [@bib31]. Hyperglycemia results in changes in the local microenvironment in the spinal cord, leading to microglial activation. For example, treatment of microglial cells with high glucose concentrations causes the release of interleukin-8 and reactive oxygen species, protein kinase C phosphorylation, and thereby activates the NF-κB signaling pathway. Parallel to cell studies, reactive oxygen species, protein kinase C, and NF-κB signaling pathway are induced or activated by hyperglycemia in diabetes [@bib32], [@bib33]. Taken together, these reports suggest that hyperglycemia is responsible for microglial activation in diabetic neuropathic pain. It has also been reported that activated microglia and astrocytes in the spinal cord dorsal horn lead to the development of chronic pain by releasing proinflammatory cytokines [@bib15], [@bib34]. Our data show that GS-KG9 lowers the blood glucose level and inhibits microglial activation in L4--L5 spinal cord in STZ-induced hyperglycemic rats ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}), which means that the analgesic effect of GS-KG9 might be mediated by inhibiting microglia activation through reducing blood glucose level.

Diabetes is also characterized by chronic inflammation partly due to hyperglycemia and insulin resistance, and activation of inflammatory cascades plays a pivotal role in the development and persistence of neuropathic pain [@bib35]. Tsuda et al. [@bib36] and Wodarshi et al. [@bib11] independently reported that microglia play a role in the induction of diabetic neuropathic pain. Pabreja et al. [@bib37] also showed that minocycline attenuates the development of diabetic neuropathic pain by inhibiting inflammation and oxidative stress. Recently, we reported that increase in voltage-gated sodium channel current elicits microglial activation and followed by inflammatory responses *in vitro* and *in vivo* [@bib38]. Furthermore, some studies have shown that Nav1.7 and 1.8 were overexpressed and the transient sodium current was increased significantly in small dorsal root ganglion neurons in STZ-induced hyperglycemic rats [@bib39], [@bib40]. Thus, it will be interesting to examine whether GS-KG9 inhibits the expression of sodium channels in dorsal root ganglion neurons or decreases voltage-gated sodium current in microglia, and which components of GS-KG9 account for these pharmacological effects. Perhaps a future study will explain the underlying mechanism of the analgesic effect of GS-KG9 in diabetic neuropathic pain.

c-Fos is overexpressed in spinal cord dorsal horn neurons activated by nociceptive-related stimuli, and involved in neuropathic pain after peripheral and central nerve injury [@bib41], [@bib42], [@bib43]. Some studies have also demonstrated that electrophysiological recording in hyperglycemic rats shows higher activity of spinal dorsal horn neurons [@bib21], [@bib44]. c-Fos-positive cells in lamina I and II of dorsal horns were increased in STZ-induced hyperglycemic rats when compared to those in normal rats. However, GS-KG9 significantly reduced c-Fos-positive cells in the L4--L5 dorsal horn neurons as compared to those in STZ-treated control rats, suggesting that GS-KG9 inhibits hyperexcitability of spinal cord dorsal horn neurons in STZ-induced hyperglycemic rats, and thereby attenuates diabetic neuropathic pain.

Supraspinal regions as well as the spinal cord are known to be involved in neuropathic pain. The VPL nucleus of the thalamus is one of the most important areas in the central nervous system and plays a crucial role in pain signaling. LeBlanc et al. [@bib45] demonstrated that minocycline injection into the VPL of the thalamus inhibits thermal hyperalgesia in peripheral-nerve-injury-induced neuropathy by inhibiting microglial activation. In our study, microglial activation in the VPL of the thalamus was inhibited by GS-KG9 in STZ-induced hyperglycemic rats as compared to that in STZ controls. Recent reports show that Compound K and ginsenoside Rb1 metabolite exhibit neuroprotective effects by inhibiting microglial activation after experimental stroke [@bib46], [@bib47]. Jang et al. [@bib6] also showed that ginsenoside Rb1 attenuates acute inflammatory pain by inhibiting neuronal ERK phosphorylation via regulation of the Nrf2 and NF-κB pathways. Thus, based on our and previous reports, the analgesic effect of GS-KG9 in STZ-induced diabetic neuropathic pain might be mediated by inhibiting microglial activation in the VPL of the thalamus as well as L4--L5 spinal cord, although the effects of GS-KG9 on ERK and NF-κB activation were not examined in this study.

The present study demonstrated that GS-KG9 inhibited hyperglycemia and thereby alleviated the allodynia and hyperalgesia in STZ-induced hyperglycemic rats. Furthermore, the analgesic effect of GS-KG9 might be mediated by inhibiting microglial activation in the spinal cord and VPL of the thalamus. Taken together, our data suggest that GS-KG9 could be a health food that can be used for diabetic neuropathic pain.
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